Influence of zirconium hydride on the biaxial creep behavior of Zircaloy-4 cladding for interim dry storage of spent nuclear fuel by Lan, Kuan-Che
© 2017 KUAN-CHE LAN
INFLUENCE OF ZIRCONIUM HYDRIDE ON THE BIAXIAL CREEP BEHAVIOR OF




Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy in Nuclear, Plasma, and Radiological Engineering
in the Graduate College of the
University of Illinois at Urbana-Champaign, 2017
Urbana, Illinois
Doctoral Committee:
Professor James F. Stubbins, Chair
Professor Brent J. Heuser
Professor Jean Paul Allain
Professor Pascal Bellon
ABSTRACT
Zircaloy-4 is widely used in light water reactors (LWRs) for fuel cladding applications be-
cause of its low absorption cross-section of the thermal neutron. The integrity is especially
crucial for the containment of fission products in used nuclear fuel (UNF) during a long term
storage. The creep rupture of high burnup UNF (>45 GWD/MTU) cladding is a concern-
ing failure mechanism during long-term dry storage. A high amount of zirconium hydride
deposited in the cladding matrix, which is accompanied by radiation damage accumulated
at the high burnup limit, would degrade the mechanical performance of the cladding, par-
ticularly if radial hydrides occur. Hydrides normally occur in the circumferential orientation
which is less likely to lead to cladding fraction than hydrides orientted radially. To better
understand the influence of zirconium hydride on the biaxial thermal creep of Zircaloy-4
cladding, the pressurized tube technique is employed in this study to test the durability
of the material. Test are performed on as-received Zircaloy-4 tubular specimens as well as
as-hydrided ones with 300 wppm or 750 wppm hydrogen. The biaxial creep experiments are
conducted at temperatures from 300 ◦C to 500 ◦C and at effective stresses from 40 MPa to
65 MPa. The hydriding process prior to creep tests induces the formation of fcc δ-hydride
platelets along the circumferential direction of the tube. This alignment and phase struc-
ture of hydride show no significant change after biaxial creep tests. However, the relation
between hydrogen concentration and creep strain rate at high temperature (500 ◦C) is oppo-
site to that at low temperatures (< 500 ◦C). The synchrotron wide-angle X-ray scattering
(WAXS) technique, as well as electron backscatter diffraction (EBSD) analysis, are applied
to the sample crept at low temperatures for the study of the crystallographic orientation
relationship. Most hydride grain orientation follows α-Zr(0002) ‖ δ-hydride(111) relation-
ship. This relationship is stable even after creep deformation. Through the post-creep, room
ii
temperature tensile tests on samples crept at low temperature, exhibit low ductility in the
specimen with the high hydrogen concentration. The total elongation of Zircaloy-4 with 750
wppm H is about half of that of the as-received Zircaloy-4.
These characterizations and observations demonstrate the influence of zirconium hydride
on both the biaxial creep behavior and mechanical performance of Zircaloy-4 cladding. The
goal of this study is to develop a better understanding of materials performance to support
the design basis of interim and long-term dry storage facilities for up to 300 years.
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Low temperature creep rupture of used nuclear fuel cladding is a concern as a possible
failure mechanism during long-term dry storage. Furthermore, high burnup used nuclear
fuel (UNF) (> 45 GWd/MTU) may face more significant long-term storage issues due to
the increase in hydrogen pickup of the cladding and irradiation effects during its service life.
Some studies indicate that the hydrogen content of the fuel cladding will pick up close to 750
weight part per million (wppm) as the fuel burnup approach the new limit 62 GWd/MTU,
as shown in Fig. 1.1.
In this study, the pressurized tube technique was employed to test the durability of as-
hydrided Zircaloy-4 tubular specimens and the influence of zirconium hydride on the biaxial
thermal creep behavior of Zircaloy-4 cladding. This approach account for the creep behavior
more related to the realistic conditions to which the materials are subject. Test specimens
were hydrogen-charged by a thermal cycling process to attain the target hydrogen levels
of 300 and 750 wppm. Specimens were exposed in a tube furnace with laboratory air at
temperatures ranging from 573 to 773 K (300°C and 500°C) and were pressurized with high
purity argon (99.998%) at a constant internal pressure of up to 9.8 MPa to generate up
to 65 MPa effective stresses at mid-wall of cladding. To study the biaxial creep behavior
for interim dry storage of spent nuclear fuel, creep strain was obtained by measuring the
diameter strain at various exposure times, stresses, and temperatures.
The objective of this study is to develop a better understanding of creep performance of
hydrided Zircaloy-4 cladding in a relative low stress (< 90 MPa) to support the design basis
of interim and long-term dry storage facilities for up to 300 years.
1
Figure 1.1: 1 Hydrogen pick up v.s fuel burnup [1, 2]
.
1.1 Creep of zirconium alloy in dry storage facility
Structural materials undergo continuous deformation when subjected to a constant applied
load or stress at elevated temperature. The time dependent phenomenon is termed creep.
Typical creep curve can be divided into three stage, as depicted in Fig. 1.2(a) [3]. In stage
I, the deformation rate, i.e., creep rate, decreases gradually to a near constant value. This is
primary stage or transient stage. In stage II, the creep strain rate stays at a near constant
value, as shown in Fig. 1.2(b). This stage is often characterized as steady-state stage. In
stage III, the deformation rate accelerates until the sample fails. The origin of stress and
elevated temperature is mainly because of fission products and decay heat of nuclear fuel.
Nowadays, interim storage of used nuclear fuel is regulated to operate in a relative low stress
and temperature. Consequently, the creep deformation will be dominated by steady-state
region.
2
Figure 1.2: Creep behavior curve: (a) the variation of strain with time, and (b) the
variation of creep strain rate with time [3]
.
1.2 Creep mechanism of zirconium alloy
Typically, in secondary creep, the strain rate ε̇II depends on the stress and exponentially





where A is constant, n is creep stress exponent, σ is external stress, R is gas constant and
Q is an activation energy characterizing the creep process. Eq. 1.1 is also called power-law
creep. According to this equation, creep is a thermally activated process.
Chin and Gilbert [4] firstly considering the deformation mechanism map for zirconium
alloy based on theoretical considerations, as shown in Fig. 1.3. Within the limitation of
operation condition of dry storage facility (cladding temperature < 400°C and hoop stress
< 90 MPa) [5], four most possible mechanisms to dominate steady-state creep behavior are
high-temperature climb, low-temperature climbing, Coble creep, and grain boundary sliding
mechanism.
Creep mechanism of high-temperature climb and low-temperature climb is categorized
3
Figure 1.3: Deformation map for Zircaloy with constant stress and strain rate contours
(strain rate is in s−1) [4].
as diffusion-controlled dislocation creep, this is, dislocation creep. Dislocation climbing and
gliding would be activated at intermediate temperature and external stress. Once dislocation
gliding on a slip plane is blocked and later the dislocation overcomes the obstacle by climbing
to the next slip plane, the rate control of deformation rate is controlled by dislocation
climbing. High-temperature climb mechanism is achieved by lattice diffusion, and creep
strain rate is proportion to σn, (n = 3 - 7). Low-temperature climb mechanism is controlled
by transportation via dislocation core diffusion, where the creep strain rate is proportion to
σn+2.
Coble [6] proposed a grain boundary diffusion model to elucidate the creep behavior of
polycrystalline materials at extremely low stress condition. Coble creep mechanism is sen-
sitive to grain size and more significant for material with small grains. In addition, at low
stress and at high temperature, the vacancy is able to directly diffuse in lattice. This process
is called Nabarro-Herring (N-H) creep [7,8]. Both Coble creep and N-H creep are diffusional
creep mechanism, and their creep strain linearly depend on applied stress.
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Grain boundary sliding happens at low strain rate condition [9,10]. Different from diffusion
creep and dislocation creep, a polycrystalline material is able to deform by relative movement
from grain to grain without any change in shape of grain. In the regime of grain boundary
sliding, the creep strain rate has a σ2 dependence.
1.3 Effect of hydrogen on creep behavior of Zircaloy-4
Existence of hydrogen in zirconium based alloy impact the mechanical properties which
degrades the integrity of Zircaloy cladding and further shorten its life. Hydrogen either
in solid solution or in the precipitated hydride phase is considered to influence the creep
behavior of Zircaloy [11]. Boffioux et al. [12] carried out biaxial creep tests using internal
pressure technique on hydrided Zircaloy-4 tubes in cold-worked stress-relieved (CWSR) and
annealed condition, where the hydrogen content is between 100 and 1100 wppm. Results
of two creep conditions, 400◦C and 140 MPa, and 350◦C and 200 MPa, show higher creep
strain rate in the control samples (non-hydride tube). These experimental results indicated
that both hydrogen in solid solution and precipitated decrease creep strain rate. However,
some TEM observation on different materials found that solute hydrogen would reduce the





Stress-relief annealed (SRA) Zircaloy-4 cladding with an outside diameter of 9.5 mm and
wall thickness of 0.58 mm was used in this study. Its chemical composition is given in Table
2.1.
Table 2.1: Chemical compositions of Zircaloy-4 cladding tube (weight %)
Sn Fe Cr O N C H Zr
1.26 0.22 0.12 0.13 0.0029 0.01 0.0007 Balance
2.2 Hydrogen charging procedures
The CWSR Zircaloy-4 cladding tubes, sectioned into a length of 13 cm, were first uniformly
hydrogen-charged by a thermal cycling process using a Sievert-type apparatus [14]. The
specimens were sealed with a low hydrogen partial pressure (∼30.7 kPa) in a Pyrex capsule
such that a homogeneous hydride distribution could be obtained to avert the formation of
hydride layers or rim structure on the outer surface of specimens. The encapsulated cladding
specimen was then thermally cycled between 200◦C and 300◦C for a certain number of cycles,
depending on the target hydrogen concentration level. The heating and cooling rates were 3
K/min and 2 K/min, respectively. The target hydrogen levels used were 300 and 750 wppm.
Hydrogen concentrations (radial averages of at least six measurements) were determined
from approximately 5-mm-wide by 4-mm-long slices of cladding rings (approximately 1/4
of the circumference) by inert-gas fusion method using a HORIBA (EMGA-930) Hydrogen
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analyzer. The measured hydrogen concentration of Zircaloy-4 cladding with target hydrogen
level 0 wppm (as-received), 300 wppm, and 750 wppm were 12 ± 1 wppm, 302 ± 14 wppm,
and 815 ± 40 wppm, respectively.
2.3 Biaxial creep test
Using the electron beam welding technique, a 65 mm-long specimen was sealed by two
Zircaloy-4 end plugs with a small hole drilled in the 20 mm-long end plugs. 3/8” to 1/8”
Swagelok® fittings were used for the reduction union between the specimen and a Haynes
230 tubing. These particular fittings were chosen because of their sealing mechanism (com-
pression ferrules), which grip very tightly and allow an excellent seal. The dimensions of the
creep specimen and the photograph of the specimen are shown in Fig. 2.1. The develop-
ment of specimen assembly in this study can be found in Appendix A. Fig. 2.2 shows the
schematic diagram and a photograph of the system. Before exposure of specimen in working
environment, a cyclic cleaning with a pressurization followed by venting was repeated four
times in order to minimize the oxidation of the inner wall during exposure. No protective
atmosphere was used to protect the outer surface of the creep tube from oxidation. Firstly,
the specimen was inserted into a tube furnace. The furnace MTI-OTF-1200X was then
heated to the working temperature, followed by 30 minutes stabilization of the temperature.
The temperature was maintained within ± 2 K. Next, a high purity argon gas (99.998%) was
employed to pressurize the specimens, and the gas pressure was controlled and monitored by
a pressure controller, Mensor CPC6000. At the end of the first isothermal exposure, venting
pressure was followed by a cooling process, and finally specimen was withdrawn out of the
furnace for diameter measurements. The specimens were then reinserted into the furnace
for the next exposure. This procedure was repeated for selected exposure intervals. The test
matrix of testing temperature and pressure is given in Table 2.2. The tests at 500◦C (773
K) were ended when specimen failed. Results of samples crept at 500◦C were categorized as
the high temperature group. For the low temperature group of the specimens, tested at a
temperature below 500◦C, the creep tests were carried out until an accumulation exposure
of 2000 hours.
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The second generation biaxial creep test system which is capable of in situ measurement
was constructed in the end of the project, as shown in Fig. 2.3. Schematic diagram and
photograph of the key components of the system has been illustrated in Fig. 2.4 and in
Fig. 2.5. The observable furnace, CM Furnace 1000K-02390-8-1Z-HTF, equipped with a
Eurotherm Model 3504 microprocessor based programmable controller and a pair of cus-
tomized sapphire windows on both sides. The windows provide an excellent translucency for
InGaN green LED light source of the optical micrometer, Keyence LS-9030M. The sapphire
windows are 65 mm in width along the centerline of the furnace, 35 mm in height, and 177.8
mm apart. Coupled with the optical micrometer, the observable furnace is capable of the in
situ measurement at a temperature as high as 500◦C. The shell of the furnace is constructed
of heavy gauge steel. Inside the shell is a block graded high purity fibrous alumina insula-
tion package. The maximum operating temperature is 1200◦C when the window covered by
ceramic shields. The furnace has a heated chamber of 28.6 mm inner diameter and 203.2
mm heated length. Only a short-term test at 500◦C was carried out using this system to
compare the difference of creep deformation between ex situ and in situ method. The results
will be presented in Section 3.2.
Figure 2.1: Schematic diagram and photograph of the pressurized creep tube
2.4 Determination of biaxial creep strain
Before and after each exposure, the outer diameter (OD) of the pressurized creep tubes
was measured at room temperature using a laser profilemeter with a resolution of 1 µ m.
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Figure 2.2: Systematic diagram of biaxial creep test system.





◦C 400◦C 350◦C 300◦C
65 9.8 A 1 3 4
60 9.1 B - - -
55 8.3 C 2 - -
40 6.1 D - - -
These measurements were made at ten locations spaced 2.3 mm apart along the specimen
length in the middle of the specimen, and 4 diameters at 45º interval of rotations with respect
to a reference mark on the tubing. The mean OD of a tube was computed by averaging the
4 measurements made in the middle of the tube specimen, and the maximal averaged OD






where D0 is an original diameter before exposure, D is a diameter after exposure, and εd





Mid-wall effective stresses of a pressurized tube were calculated using von Mises distortion
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Figure 2.3: Photograph of the first generation (ex situ) and the second generation (in situ)
biaxial creep test system.
Figure 2.4: Schematic diagram of the in situ biaxial creep test system.
energy criterion [16].
To determine whether the alloy exhibited three classical creep regions (primary, secondary,
and tertiary creep) with respect to applied stress, the creep strain–time curves were differ-
entiated to obtain the creep strain rate using the finite difference formula:
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2.5 Macro-texture analysis by synchrotron WAXS technique
2.5.1 Synchrotron experimental setup
All the synchrotron related experiments in this study were carried out at Sector 1-ID-E,
Advanced Photon Source (APS), Argonne National Laboratory (ANL). In this sector, a well-
designed experimental setup was arranged to conduct synchrotron texture investigations on
the miniature Zircaloy-4 creep tube specimens, as shown in Fig. 2.6 and Fig. 2.7.
To perform crystallographic orientation characterization, needle shaped specimens with a
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length of 5 mm and a width close to the wall thickness (0.58 mm) of Zircaloy-4 cladding
have been machined from the center of creep tube by wire EDM technique. The geometry
facilitates a uniform volume penetration of the X-ray during rotation. Samples before creep
test and crept at 300°C to 400°C were chosen for the texture analysis.
The high-energy synchrotron X-ray was first filtered by a Si(111) monochromator so that
only 78.4 keV (λ = 0.0158 nm) monochromic X-ray hits the specimens. Multiple ion cham-
bers were set up to record the X-ray intensities at different stages.The incident beamsize was
800 x 600 µm2. An Aerotech rotation stage was used to rotate samples 180° about longitu-
dinal direction of the cladding with an angular step of 0.5°. The longitudinal direction of
samples is parallel to vertical direction. The diffraction of the wide angle X-ray Scattering
(WAXS, or WAXD) was collected by an area detector (GE angio type 41 cm × 41 cm 2D
detectors detectors). A set of 360 images were collected after a half-turn of ω rotation. The
distance between the sample and the detector was 1.4 m. The screen is formed by 2048 ×
2048 pixels of 0.2 mm size.
2.5.2 Data analyses on the texture
A well calculated orientation distribution function (ODF) of one crystallographic phase
structure can provide a comprehensive configuration of the lattice orientations. All the pole
figures of each hkl orientation can be reconstructed based on its well-defined ODF as long
as enough pole figures are measured. The first part of data analysis is to extract the pole
figures of several hkl orientations using the measured results of the synchrotron WAXS before
calculating the ODF according to the results of the synchrotron WAXS. Thus, the reference
direction for the conversion of orientation should be defined for the transmission mode of
the synchrotron WAXS used in this study.
The diffraction of the synchrotron X-ray through the entire thickness of the sample col-
lected by the 2D detector consisted of the Debye-Scherrer diffraction of multiple lattice
orientations. One 2D image of the 2D diffraction would be composed of spots, rings and/or
arcs. These features of the image indicate the existence of huge grains, random orientation,
and perfected crystallographic orientation in the examined specimen, respectively. The De-
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Figure 2.6: Illustration of synchrotron experiment setup and reference direction
Figure 2.7: Picture of synchrotron experiment setup at APS 1-ID-E beamline in ANL
bye rings associated with various radii are reflected by lattice planes with various interplanar
spacing, dhkl. The detailed analysis procedure that was performed is detailed below:
1. To obtain intensities depending on the specimen and the diffraction geometry, the
raw data were corrected by dark current images and a dead pixel removing process.
Determined calibration parameters including the beam center on Cartesian coordinate
of the area detector, detector tilt and sample-to-detector distance using software FIT2D
according to reflections between (200) and (333) hkl plans of reference material CeO2.
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To obtain the calibration parameters, diffraction patterns were converted from polar
(r, φ) to Cartesian coordinates (r, φ) through a rebinning processing.
2. Both the calibration parameters and .tif files including rebinned diffratograms gen-
erated in previous will be processed in this step by using a post processing code in
MATLAB program. For each hkl orientation in one .tif file, 180 azimuthal bins of
each image were used in the study, corresponding to an azimuthal increment of 2º,
where the intensity within each bin are averaged across ±3º of the center of azimuthal
angle, φ, of each section. Next, each section of the diffratograms are ready for the
fitting of diffraction peaks. The diffraction peaks corresponding to that of α-Zr and
δ-hydride were fitted using pseudo-Voigt functions to find the peak center of the peak
intensity. A total 64800 (360 in ω step × 180 φ sector) diffratogram of each hkl plan
can be calculated for the further construction of direct pole figures. Additional crucial
parameters including intensity, d-spacing, FWHM and Gauss-Lorentzian shape were
calculated and stored.
3. A direction pole figure of each lattice plane hkl will be produced according to the
diffraction geometry, as illustrated in Fig. 2.8. Assuming the measured specimen
located at the center of a reference sphere, the transmission and the diffractions X-ray
which satisfied Bragg’s condition, the Debye ring, were measured on the 2D detector.





,where R indicates the radius of the Debye-ring on the 2D detector, and L indicates
the distance between the sample and the detector. The calculated intensity in previous
step of the point Q at the φ on the detector can further be mapped to the corresponding
position of a small circle on the reference sphere. This small circle is the intersection
between vectors of hkl plane normal which satisfied Bragg’s condition and the reference
sphere. Finally, the coordinates of each small circle need to corrected with respect to
its rotation angle, ω, as depicted in Fig.2.9(a). In Fig.2.9(b), it demonstrates a 3D
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pole figure of zirconium basal plane (0002), covered by 64800 intensities, where the X,
Y, and Z are parallel to the hoop direction, longitudinal direction, and radial direction,
respectively. It is noted the existence of a tiny gap in the 3D pole shown in Fig.2.9(b)
is originated from the experimental setup of the half turn used during measurement.
As shown in Fig. 2.10, a tiny sector with a central angle of 2θhkl was not covered after
a rotation of 180°.
4. A free license package, MTEX toolkit [17], which works under MATLAB, was adopted
for the crystallographic texture analysis. With this software, orientation distribution
functions (ODF) of the sample can be evaluated based on the pole figures calculated
in previous step. In this investigation, α-Zr and δ-hydride were respectively evaluated
from 11 and 3 experimental pole figures. The derived ODF could be foundation of
pole figure analysis
Figure 2.8: A schematic diagram of the diffraction geometry.
2.6 Micro-texture analysis
Microstructure analysis was performed using a Zeiss Optical Microscope and JEOL 7000F
SEM coupled with EBSD capabilities.
Electron backscatter diffraction (EBSD) analysis is used to couple with analytical SEM,
and to characterize lattice orientations of designated crystallographic structure according to
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Figure 2.9: (a) Conceptual pole-figure representation which is reconstructed by the hkl
plane normal vectors on multiple small circles (b) A 3D pole figure of Zr(0002) plane which
is reconstructed according to (a).
Figure 2.10: The coverage of the normal vector of a lattice plane after the ω rotation of
180◦.
the acquired Kikuchi pattern from the sample surface in a local volume at a scale of tens of
nanometers. The lattice orientation/texture, grain boundary misorientation and also grain
size can be calculated and be well visualized after EBSD analysis. This approach brings
benefits on the study of the influence of the zirconium texture during manufacturing process
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on the growth of zirconium hydride from nanoscopic level to mesoscopic level.
2.7 Mechanical tests
To understand the remaining ductility of crept as-hydrided Zircaloy-4 cladding at low
temperature, the post-creep uniaxial tensile tests were conducted. To examine the remaining
ductility of as-hydrided Zircaloy-4 cladding after creep tests, the miniature specimens were
machined from crept material. The dimensions of the creep specimen and the photograph of
the specimen are shown in Fig. 2.11. Four Dog-bone shaped tensile specimen were machined
along the axial direction from the crept tubular specimen. By using the wire EDM technique,
the tensile samples with a gauge length of 5 mm gauge and a total length of 16 mm were
cut from the center section with a uniform creep swelling.
Figure 2.11: Geometry and dimensions of tensile specimens
Tensile tests using wedge friction loading at an engineering strain rate of 10−3 /s were
conducted at room temperatures using an INSTRON 1331 servo-hydraulic test system in
Advanced Materials Testing and Evaluation Lab (AMTEL) at UIUC. The holes on both
end of specimen in Fig. 2.11 are to align with loading axis of test system. Both unhydrided
and as-hydrided specimens were tested to fracture. The strain gauges (Micro-Measurements
C2A-06-015LW-120) for room temperature tests were installed on the outer surface side of
the specimen to measure a better strain resolution during elastic deformation. The yield
strength is determined using the strain results measured by the strain gauge based on .2 %
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rule. The plastic strain after the yield point was calculated using cross head displacement.





3.1 Oxidation of Zircaloy-4 at 500◦C
Thin foils were cut parallel to the outer surface of the tested specimens, were mechanically
ground to a thickness of 300 µm, and followed by investigation of its crystallographic struc-
ture using XRD, as shown in Fig. 3.1. XRD results of as-received specimens depicted in Fig.
3.2 shows that the crystallinity before and after hydriding process is similar. Microstructure
observation on cross section plane (radial-circumferential plane) using optical microscopy
has been presented in Fig. 3.3. There is obvious hydride phase growth along hoop direction
and uniformly distributed through the tube wall thickness.
Figure 3.1: Thin foil for XRD investigation and cross section view using optical microscopy.
To identify the influence of the oxide thickness on the measurement of outer diameter
at 500°C, the oxidation test of Zircaloy-4 plate has been conducted. Several 10 mm x 15
mm x 1.6 mm Zircaloy-4 plates were exposed in the air at 500°C for 1 to 100 hours, and
the oxidation growth as well as the both oxide thickness and weight gain are demonstrated
in Fig. 3.4 and Fig. 3.5. The phase identification of surface oxide using XRD analysis
indicates the oxide layer is composed of monoclinic and tetragonal zirconia, as shown in Fig.
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Figure 3.2: XRD results of as-received Zircaloy-4 cladding without hydriding and 750
wppm H.
Figure 3.3: OM results of as-received Zircaloy-4 cladding.
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3.6. Assuming that the growth of oxide on the Zircaloy-4 cladding is similar to that on plate
and close to results in Fig. 3.4 and Fig. 3.5, the ratio of oxide thickness to the increase in
outer diameter is less than 0.2% of the measured diameter strain in 100 hours in 500°C. This
shows that the overestimation of diameter strain due to oxidation is insignificant.
Figure 3.4: Growth of thermal oxide on Zircaloy-4 plate in the air at 500°C.











































Figure 3.5: Growth of thermal oxide on Zircaloy-4 plate in the air at 500°C.
ND-HD cross-sectional images of different places are also depicted in Fig. 3.7. No sig-
nificant intergranular crack or triple junction void microstructure, which would correlate to
creep fracture mechanism, can be observed by optical microscopy. In addition, cross sec-
tional images on normal direction- longitudinal direction (ND-LD) plane are represented
in Fig. 3.8. It is noted that the hydride density decreased gradually with decrease in the
distance between observation location and end cap. This results indicates that hydrogen
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Figure 3.6: The XRD patterns for the specimens oxidized in the air at 500°C.
diffused toward the end cap. At location E, which is close to the center of specimen, some
hydrides near the outer region are slightly oriented to the normal direction.
3.2 Effect of experimental procedure of the biaxial creep test
To examine the effect of experimental procedure on the biaxial creep behavior of Zircaloy-
4 tubular specimens, four sets of experimental procedures, as illustrated in Fig. 3.9, was
applied for the ex situ test at 500°C and at 65 MPa. In Fig. 3.9, the thick blue line indicates
the stress of specimen, and the thin red line indicates the temperature of specimen. The
inverted triangular symbol and triangular symbol indicate the moment when the sample
was placed in the furnace, t1, and the moment when it was removed out of the furnace,
t3, respectively. The time in the beginning of procedures, in the beginning of the effective
exposure time, and in the end of the effective exposure time, were labeled as t0, t2, and t3,
respectively.
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Figure 3.7: Cross-sectional images on normal direction - hoop direction (ND-HD) plane of
Zircaloy-4 tube with 750 wppm H before and after creep test at 65 MPa, 500°C for 57
hours, and location indication of observation, where the specimen was cut along the green
dash line.
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Figure 3.8: Cross-sectional images on normal direction - longitudinal direction (ND-LD)
plane of Zircaloy-4 tube with 750 wppm H after creep test at 65 MPa, 500°C for 57 hours,
and location indication of observation, where the specimen was cut along the red dash line.
The critical steps are listed as the follows:
Method a The furnace temperature was held at the target temperature. The sample was
pressurized at room temperature outside the furnace, and it took 45 seconds to reach a stable
target pressure in the tubular specimen. During pressurizing, the sample was placed into
furnace and the placement of specimen took also about 45 seconds. After 30 minutes, when
the temperature of specimen arrived at a stable working temperature, the recording of the
effective exposure time started. The specimen was withdrawn from the furnace right after
the end of exposure time. Finally, the inner pressure of the specimen was vented.
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Method b The sample was pressurized at target value and then maintained at this working
pressure at room temperature outside the heated furnace. This is the only difference between
method a and method b. All the other configuration of the furnace and the following steps
in method b are as the same as in method a.
Method c The specimen without the pressurization was placed into the furnace at room
temperature. Then sample was heated up at a slow ramping rate of 2°C per minute until the
target temperature, and then the furnace temperature was held for 30 minutes to stabilize
the furnace temperature. Then the specimen was pressured and held at the target pressure.
The time spent on pressurization was 45 seconds. This pressure was kept until the end of
effective exposure time. Then the sample was vented at the working temperature. After
venting, the furnace was cooled at an extremely slow rate 1°C per minute until the room
temperature. Finally, the sample was withdrawn from the furnace at room temperature.
Method d Method d and method c are quite similar. The only difference is at the timing
of pressurization initially. The specimen was pressurized and held at target pressure in the
very beginning, and then moved into the furnace at room temperature. All the rest steps
are as the same as described in method c.
The biaxial creep behavior of Zircaloy-4 at 500°C and at 65 MPa of the four sets of
procedures mentioned above was plotted in Fig. 3.10. Method a, b, and c are repeated.
The cross symbol at the end of each curve of ex situ tests indicates the time to rupture, and
the strain calculated by using the portion of remaining length of the intact arc divided by
the initial perimeter of the tube. One in situ test based on the procedure of method c was
included in Fig. 3.10. It is noted that the strain of the in situ was after the subtraction of
thermal expansion of Zircaloy-4 at 500°C. Using four different methods, the time to rupture
of Zircaloy-4 tubular specimens, tf, are obviously different. As shown in Fig. 3.11, the tf of
method a, b, c, d, and the in situ one, are 100 h, 129 h, 157 h, 170 h, and 144 h, respectively.
The tf of method a is smaller than that of method b. There only difference between
method a and b is the timing of pressurization. In method a, the increase in pressure and
temperature happened simultaneously. On the other hand, in method b, the temperature of
25
the specimen increased when the target pressure exited.
It is believed that the accumulation of creep deformation during the initially transient
period of the internal pressure and the temperature on the specimen, led to a shorter creep
life time when the creep testing were performed using method a. Similar reasoning would
be applied to the explanation of the different time to rupture between that of method c and
method d since the timing of pressurization is the only difference between the two methods.
Comparing the biaxial creep behavior of Zircaloy-4 between the ex situ test and the in
situ test both based on method c, the creep strain rate before tertiary stage are close to each
other whereas tf of the ex situ test is longer than that of the in situ test. In the ex situ test,
since there were multiple exposures of annealing-like periods during the slow cooling after
venting, it might do contribution to the a slightly recovery of the deformed microstructure.
Consequently, the life time of the ex situ test was prolonged.
3.3 Biaxial creep behavior of Zircaloy-4 at 500◦C
The biaxial creep behavior of Zircaloy-4 cladding tubular specimens tested at500 ◦C are
plotted in Fig. 3.12 and Fig. 3.13, where the subfigure (a), (b), (c), and (d) presents the
results of Condition A, 65 MPa, Condition B, 60 MPa, Condition C, 55 MPa, and Condition
D, 40MPa, respectively. The black curve with squares, the blue curve with circles, and the
red curve with triangles represent the results of Zircaloy-4 with a different target hydrogen
level of 0 wppm, 300 wppm, and 750 wppm, respectively. The as-received Zircaloy-4 samples
(0 wppm) under Condition A and D are tested based on method a (thick line) and method
c (thin line). Fig. 3.12 provides the effective creep strain at the mid-wall of the tubular
specimens as a function of the exposure time. The typical creep strain rate is plotted as a
function of the average strain on a semi-log scale, as given in Fig.3.13. Under the effective
stress of 65MPa as in Fig. 3.12(a), the time to rupture, tf, of as-received Zircaloy-4 by
method a is 100 hours, and the tf by method c is 157 hours. The life time of method c
at 500◦C and 65 MPa is 57% longer than that of method a. The similar relation of tf of
the method a and the method c is observed under the creep Condition D, as shown in Fig.
3.12(d). At the same temperature, 500◦C, and at 40 MPa, the time to rupture of the method
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Figure 3.9: Illustration of experiential procedures of method a, b, c, and d for the creep
test at 500°C and at 65 MPa. Thick blue line: the stress of specimen; the thin red line: the
temperature of specimen; t0 beginning of procedures; t1, the moment when the sample was
placed in the furnace; t2, the start of the effective exposure time; t3: the moment when it
was removed out of the furnace; t4: the end of the effective exposure time.
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Figure 3.10: The effective strain vs. time to rupture the creep test at 500°C and at 65 MPa
by using the four procedure sets of ex situ tests of a, b, c and d as well as one in situ test
based on the procedure of method c. It is noted the strain of the in situ test was after the
subtraction of thermal expansion.
Figure 3.11: The rupture lifetime of the creep test at 500°C and at 65 MPa by using the
four procedure sets of ex situ tests of a, b, c and d as well as one in situ test based on the
procedure of method c.
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c (1668 h) is again 57% longer than that of the method a (1063 h).
In addition, some comparisons of the creep behavior could be made between the Zircaloy-4
with different hydrogen content. For the specimen with the hydrogen target level from 0
wppm to 750 wppm tested in this study, the higher hydrogen content the Zircaloy-4 sample
is, the shorter the creep life is. At 500°C the rupture lifetime of 750 wppm H sample is
about 1/3 tf of the as-received sample. Besides, Fig. 3.12’s derivative plots of the averaged
effective strain rate, as represented in Fig. 3.13, exhibits that the primary regime of high H
sample with a negative slope ended quickly at about 4% of creep rupture lifetime followed
by a short secondary regime with zero slope ended at about 20% of the tf.
Figure 3.12: Effective strain vs. creep exposure time curves for Zircaloy-4 at 500◦C at 65
MPa (a), 60 MPa (b), 55 MPa (c), and 40 MPa (d). The curve in black, blue and red
stand for the target H level of 0 wppm, 300 wppm, and 750 wppm. The thick curve
indicates the creep test is based on method a, and the thin curve indicates that the creep
test is based on method c.
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Figure 3.13: Effective strain rate vs. mean time curves for Zircaloy-4 at 500◦C at 65 MPa
(a), 60 MPa (b), 55 MPa (c), and 40 MPa (d). The legend are as the same as in Fig. 3.12.
3.4 Creep behavior at the temperature below 500◦C
Creep tests at a temperature below 500◦C named as the "low temperature group" were
terminated at 2000 hours. The exposure temperatures and effective stresses can found in
Table 2.2 in the previous chapter. The biaxial creep behavior of Zircaloy-4 cladding tubular
specimens of the low temperature group were demonstrated in Fig. 3.14 and Fig. 3.15,
where the subfigure (a), (b), (c), and (d) presents the results of Condition 1, at 400◦C
and 65 MPa, Condition 2, at 400◦C and 55 MPa, Condition 3, at 350◦C and 65 MPa, and
Condition 4, and at 300◦C and 65 MPa, respectively. The error bar in Fig. 3.14 indicates
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the standard errors of those measurements mentioned in Section 2.4. The error bars of Fig.
3.14 are large because the amount of creep deformation in diameter is at the same order
of the magnitude of the resolution of the laser profilometer. These subfigures indicate that
as the creep temperature decreases, total creep strain at 2000 hours decreases. Moreover,
under each creep condition, the total creep strain of the low temperature group in this study
is inversely proportional to the hydrogen content of Zircaloy-4. It can be seen that the creep
strain of Zircaloy-4 cladding with hydride is smaller than that without hydride at the end
of creep tests.
The creep strain rates as a function of the mean time in Fig. 3.15 were derived from the
relation between creep strain and creep time displayed in Fig. 3.14. The creep regime of the
low temperature group seems to become the steady-state stage at about the last fifth mean
time. Hence the creep strain rate of each condition labeled in the legend was an average
of the last five data. As shown in Fig. 3.14(a), (b), and (c), the creep strain rate of the
as-hydride Zircaloy-4 specimens are smaller than that of the unhydrided specimens. In Fig.
3.14(d), the creep strain rates of all samples tested at 300◦C are close to each other in the
end of the tests.
3.5 Texture characterizations on the specimen crept at the
temperature below 500 ◦C
3.5.1 Crystallographic texture using synchrotron WAXS technique
In each 2D diffraction image, peaks shape parameters of eleven lattice planes of the phase,
α-Zr, could be acquired after the fitting process using pseudo-Voigt functions. Meanwhile,
the parameters of three lattice planes of the δ-hydride could be derived. Then the measured
3D pole figures of each lattice orientation can be built up by collecting a series of the
fitted results after the ω rotation. Assuming that the north pole of the reference sphere is
the upstream of the incident X-ray in Fig. 2.9, the stereographic projection of the north
hemisphere of the 3D pole figure on the equatorial plane is identical to a typical 2D pole
figure. An example is provided in Fig. 3.16 to demonstrate the eleven measured pole
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Figure 3.14: Effective strain vs. creep exposure time curves for Zircaloy-4 at Condition 1:
400◦C, 65 MPa (a), Condition 2: 400◦C, 55 MPa (b), Condition 3: 350◦C, 65 MPa (c), and
Condition 4: 300◦C, 65 MPa (d). The curve in black, blue and red stand for the target H
level of 0 wppm, 300 wppm, and 750 wppm.
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Figure 3.15: Effective strain rate vs. mean time curves for Zircaloy-4 at Condition 1 (a),
Condition 2 (b), Condition 3 (c), and Condition 4 (d). The legend are as the same as in
Fig. 3.14.
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figures of α-Zr of the Z74 specimen with 750 wppm H crept at 300◦C and at 65 MPa.
After the normalization of the intensity of all pole figures to the maximum of the pole
figure of the basal plane (0002) in Fig. 3.16, there are five pole figures with the relative
strong intensity as labeled in Fig. 3.17. Schematic illustrations of HCP unit cell depicted in
Fig. 3.18 representative the five HCP lattice planes of α-Zr – one basal plane (0002), two
prismatic planes, (101̄0) and (112̄0), and two pyramidal planes, (101̄1) and (112̄2). Using
the eleven/three measured pole figures of α-Zr/δ-hydride, the ODFs of the two phase were
evaluated based on the relation between the sample coordinate and the crystal coordinate,
Euler angles (ϕ1, Φ, ϕ2), which correspond to ZX’Z’ rotation and follow the definition by
Bunge [18]. Fig. 3.19 demonstrates a series of the ODF α-Zr of the Z74 sample sliced along
the ϕ1-Φ plane at different ϕ2 angles labeled on the northeast corner. Finally, complete
pole figures can be recalculated accounting to ODF evaluated previously. As shown in Fig.
3.20, the pole figures of α(0002), α(101̄0), and α(101̄1) of samples Z00, Z01, Z04 are similar
each other for these samples before and after the creep test at a temperature below 500ºC.
The difference of the three pole figures between unhydrided and as-hydrided specimens is
insignificant. Besides, the δ(111) pole figure is close to the pole figure of zirconium basal
plane, which implies that most orientation of the hydride grains follow the relationship of
α(0002) ‖ δ(111).
Figure 3.16: The eleven measurements of the direct pole figures of α-Zr of the Zircaloy-4
with 750 ppm H crept at 300◦C and at 65 MPa (Z74). The horizontal direction parallel to
the hoop direction, and the vertical direction is parallel to longitudinal direction.
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Figure 3.17: The first five planes display the relative strong intensity after normalization
with respect to the intensity of Zr(0002) in Fig. 3.16.
Figure 3.18: Schematic showing the five HCP lattice plane: one basal plane (0002), two
prismatic planes, (101̄0) and (112̄0), and two pyramidal planes, (101̄1) and (112̄2)
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Figure 3.19: The ODF of Z74 sample was evaluated using the 11 measured pole figures in
Fig. 3.16.
Figure 3.20: Recalculated pole figures of samples Z70, Z71 and Z74.
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3.5.2 EBSD analysis
The original electron microscope (EM) images for EBSD analysis were taken at a high tilt
angle of 70° about the horizontal axis. The vertical direction of the images in Fig. 3.21 were
tilt-corrected to the scale as the same as that in horizontal direction. The surface roughness
at a tilt angle of 70° looked more profound than the roughness without tilted since the exis-
tence of shadow resulted from surface roughness enhanced the impression of the roughness.
Those holes with a diameter less than 500 nm were induced due to electropolishing. The
second phase precipitates (SPPs), Zr(Fe,Cr)2, in Zircaloy-4 were partially removed or totally
removed by the perchloric acid contained electrolyte during electropolishing, which led to
the formation of the pits. The zirconium hydride in the form of platelet alined along the
hoop direction as the forescattered (FS) images. shown in Fig. 3.21(b),(d), and (f). The
FS image emphasized the mass contrast as well as the orientation contrast. Owing to a
relative low mass density of the hydride in Zircaloy-4 matrix, the feature of the dark strips
correlated to the hydirde in FS images can be identified more easily than in the secondary
(SE) images. No significant reorientation of the hydride can be observed for the sample after
the low temperature creep deformation at 400°C and 300◦C for 2000 hours.
The grain boundary misorientaion (GBM) map of the Z70 sample combined with its phase
map is displayed in Fig. 3.22, where the process of noise reduction was applied. As mentioned
above, the hydirde plate developed along the hoop direction with a thickness less than 400
nm. Besides, most hydride platelets locate along the grain boundaries of zirconium matrix.
A few hydride platelets which intruded into the relative huge Zr grain are the observed. The
diameters of most zirconium grains are less than 1 µm, and the density of the low angle
grain boundaries is high. The characteristics of the small grain sizes and the high density
of grain boundaries presents a big challenge for sample preparation and EBSD analysis on
the CWSR Zircaloy-4 cladding material. Appendix B presents the sample preparation and
examination techniques challenge in detail.
The Z70 samples. The the grain boundary misorientaion (GBM) map combined with the
phase map (blue: α-Zr, red: δ-hydride ZrH1.66). In the GBM map, the color indicates the
range of the misorientation angle, M (black: 1◦ < M ≤ 5◦, white: 5◦ < M ≤ 10◦ ,pink:
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10◦ < M ≤ 15◦, yellow: M > 15◦ ). The vertical and horizontal direction of this image are
parallel to the hoop direction and radial direction, respectively.
Figure 3.21: The electron microscope images of samples Z70, Z71 and Z74. Images listed in
the left and the right column are secondary electron images and forescattered images. The
white scale at the bottom of each image is 10 µm.
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Figure 3.22: Z70 samples. The the grain boundary misorientaion (GBM) map combined
with the phase map (blue: α-Zr, red: δ-hydride ZrH1.66). In the GBM map, the color
indicates the range of the misorientation angle, M (black: 1◦ < M ≤ 5◦, white:
5◦ < M ≤ 10◦ ,pink: 10◦ < M ≤ 15◦, yellow: M > 15◦ ). The vertical and horizontal




4.1 Biaxial creep behavior of as-received / as-hydrided Zircaloy-4
specimen
To find the dominant creep mechanism at a temperature of 500◦C, the first attempt was
to evaluate the stress exponent, n, using the general creep equation representing the steady-









E = 98.82− 0.076(T − 273) (4.2)
, where A is a constant, E is the temperature-dependent elastic modulus of Zircaloy-4 in
GPa, b is the Burgers vector, k is the Boltzmann’s constant 1.38 × 10−23 J/K and R is
the gas constant 8.314 J/mol-K. The stress exponent is then equivalent to the slope of the
log–log plot between the steady-state creep rate versus the stress which is depicted in Fig.
4.1. The minimum creep rate of each condition is the steady-state creep rate derived from
Fig. 3.13 and Fig. 3.15. The stress exponent of the group with varied hydrogen content
crept at 500◦C are above 4. When the stress exponent n is in the range of 4 ≤ n ≤ 7,
it typically corresponds to the high-temperature climb (HTC) mechanism as the dominate
creep deformation mechanism. The TEM bright field image of one as-hydrided sample Z7D
(crept at 500◦C and 40 MPa) shows a special dislocation network in the center as revealed
in Fig. 4.2. Similar dislocation network features have been observed in the uniaxial creep
test on recrystallized Zircaloy-4 at 500◦C and 64.3 MPa, and at 550◦C and 78.5 MPa [19].
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Kombaiah and Murty discovered that the hexagonal dislocation network could be composed













gliding on slip plans (11̄00), (101̄0), and (011̄0) (prismatic plans), respectively, where a is
the lattice parameter of Zirconium in the a-axis. Two pairs of dislocations interacted firstly















, as illustrated in Fig. 4.3, the green dislocation was generated after the interaction between
the red dislocation A and blue dislocation C. A hexagonal dislocation network formed at
the center after accumulation of the process as mentioned above. The further formation of
hexagonal network would only occur when early network removed from the slip through the
dynamic recovery process in creep deformation. The dynamic recovery can be achieved by




direction due to the nature
of mixed dislocation [20]. Thus, the TEM feature observed in Fig. 4.2 indicates the steady-
state creep rate of the as-hydrided Zircaloy-4 cladding tubes is controlled by dislocation
climb mechanism during biaxial creep deformation at 500◦C and at the effective applied
stress as low as 40 MPa in this study.
As seen in Fig. 3.12, the specimen with the high hydrogen content exhibits a relatively
high creep rate at high temperature. This would be related to hydrogen which re-dissolves
from hydride phase into zirconium matrix at high temperature. The amount of hydrogen
dissolution in creep test at 500◦C can be estimated using the following relations of the
terminal solid solubility (TSS) of hydrogen in Zircaloy-4 [21]:








where Eq. 4.4 and Eq. 4.5 are the TSS lines for dissolution during heating, TSSD, and
precipitation during cooling, TSSP, respectively. As depicted in Fig. 4.4, the respective
TSSD and TSSP of hydrogen in Zircaloy-4 are 304 wppm and 571 wppm creep condition
41
at 500◦C. For specimens with a hydrogen level of 300 wppm, the hydrogen of the hydride
phase which existed at room temperature totally dissolved in Zirconium matrix at 500◦C.
For specimens with a hydrogen level of 750 wppm, the amount of hydrogen dissolution in
zirconium matrix at a long-term creep temperature of 500◦C would range from 304 wppm
to 571 wppm. Comparing the amount of hydrogen dissolution between Z3 samples and
Z7 samples, more hydrogen became solid solution in Z7 samples than in Z3 samples. The
present of hydrogen in solid solution enhanced the mobility of dislocation [22]. It turns out
to increase the creep strain rate when the creep deformation of dislocation related one is
predominant.
However, at a low creep temperature below 500◦C, the relationship between the hydrogen
concentration and the creep strain rate are dramatically different from the results at a high
creep temperature (500◦C). As demonstrated in Fig. 3.14 and Fig. 3.15, the creep strain
rates of as-hydrided samples are slower than that of the un-hydrided samples. Similar results
have been reported from the creep experiments at a temperature lower than 500◦C on as-
hydrided zirconium alloys in CWSR condition and in RXA condition [12, 23]. For instance,
Bouffioux et al. conducted uniaxial and biaxial creep experiments at room temperatures
and at high temperatures (350◦C and 400◦C) on CWSR Zircaloy-4 cladding tubes charged
with hydrogen concentrations from 100 to 1100 wppm [12], where the steady-state creep
rates of the as-hydrided Zircaloy-4 decreased with the increase in the hydrogen content.
This conclusion has also been extended to the creep behavior of hydrogenated Zircaloy-4 in
recrystallized condition [23].
To discuss the dominant creep mechanism at these low temperatures in this study, firstly,
the stress exponent can be evaluated again for test performed at 400◦C. As shown in Fig. 4.1.
The n value of Z0, Z3, and Z7 samples are 3.0, 1.3, 2.6, respectively. Next, one hypothesis
that assumes that the steady-state creep deformation at low temperatures was dominated
by the same mechanism. Based on the assumption and the steady-state creep rate at 65







where C is a function of the applied stress. The activation energy was then calculated
from the slope of a semi-logarithmic plot of the steady-state creep rate versus the inverse
of temperature as shown in Fig. 4.5. The activation energy of Z0, Z3, and Z7 are 127.2,
108.6, 93.4 kJ/mol. The main candidates for the probably dominant creep mechanism at
low temperature conditions in this study would be Coble creep, and grain boundary sliding
(GBS). If the creep deformation was dominated by GBS mechanism, the grain would not
be elongated after creep strain, which is in contrast to the results of EBSD characterization
in this study. Thus, the Coble creep theory, which explain the creep deformation by the
diffusion of vacancies or atoms through grain boundaries as especially at low temperature
and low stress environment, is the most likely mechanism to dominate the low temperature
creep deformation. The high density of grain boundaries would also support this deformation
mechanism. At test temperatures as low as 300◦C, the TSSD and TSSP are 50 wppm and
129 wppm as shown in Fig. 4.4. Since most hydrogen were in hydride rather than the
solid solution at low temperature, the hydrides would have a greater impact on mechanical
properties of than solid solution hydrogen. Tung et al. observed that the tensile strength
of as-hydrided Zircaloy-4 increased with increasing hydrogen concentration in the range of
0-900 wppm, over the range of test temperatures from room temperature to 400◦C [24]. In
this study, for creep condition tested at low temperature, Zircaloy-4 was strengthened by the
existence of the hydride phase. As a results, the sample with the high hydrogen level tested
at low temperature exhibited a low creep strain rate than specimens without hydrogen.
4.2 Stability of microstructure and texture during incipient biaxial
creep deformation at the low temperature
Comparing cross sectional images on the normal direction-hoop direction (ND-HD) plane
of pre- and post-creep test specimen with 750 wppm tested at 500°C and at 65MPa (Z7A),
hydride platelets aligned with circumferential direction which is similar to original orien-
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Figure 4.1: Stress exponent analysis of Zircaloy-4 cladding at 500°C and 400°C.
Figure 4.2: TEM BF image of sample Z7D crept at 500°C and at 40 MPa.
tation. No radial hydrides were found. It signifies that the hydride reorientation induced
embrittlement does not account for a shorter creep lifetime at high temperature.
The characteristic of crystallographic texture of cold-worked stress-relieved (CWSR) Zircaloy-
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Figure 4.3: The feature of the formation of the feature of dislocation network band
observed in [19].
Figure 4.4: The terminal solid solubility (TSS) of hydrogen in Zircaloy-4 [21]. The TSS
lines in orange and blue are for dissolution during heating (TSSD) and for precipitation
during cooling (TSSP), respectively.
4 cladding was the angle ± 30° between two basal poles of α-Zr (0002) plane and radial direc-
tion, as seen in Fig. 2.10. The texture analysis using high energy synchrotron X-ray carried
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Figure 4.5: Arrhenius plots used for calculating the activation energy at creep
temperatures below 500°C.
out at beamline 1-ID at ANL-APS not only conveys the statistics of the crystallographic
configuration at the level of mm but also provides the texture information of zirconium ma-
trix. Furthermore, thanks to the high fluence of synchrotron X-rays, the minor amount of
hydride which was not able to be analyzed using the in-house XRD, could also be measured
simultaneously. The texture of the Zircaloy-4 demonstrates a typical basal pole split along
the hoop direction at about ± 30 degree, which is consistent with the result of in-house XRD
characterization, as shown in Fig. 4.6. This texture steadily exists along the low temper-
ature creep deformation and there is no significant evolution observed. The macro texture
of zirconium was not influenced by the presents of zirconium hydride, either. Most hydride
grain orientation follows α-Zr(0002) ‖ δ-hydride(111) relationship, as shown in Fig. 3.20.
The alignment of hydride platelets before and after creep testing at low temperature is
along the hoop direction and similar to each other, as shown in Fig. 4.7. The texture analysis
using EBSD technique provides localized orientation at the level of µm. As summarized in
Fig. 4.8, the excellent stability of zirconium texture of the basal plane Zr(0002) is consistent
with the results acquired using synchrotron WAXS technique. This kind of texture neither
varied by the deformation of low creep temperatures, nor changed by the existence of the
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Figure 4.6: The basal pole figure of of α-Zr(0002) was characterized using in-house XRD.
The sample were prepared and analyized as illustrated in Fig. 3.1.
hydride. The neighbor-to-neighbor misorientation angle of grain boundaries distribution of
α-Zr and δ-hydride are demonstrated in Fig. 4.9. Most misorientation angles are within 2
degrees, and this distribution shows no significant difference between the creep conditions
at low temperature before and after tests for 2000 hours. In addition, the distribution is
independent of hydrogen contents in this study. Fig. 4.10 presents the statistics of the grain
size for the six samples shown in Fig. 4.9. The averaged values of α-Zr and δ-hydride are 0.65
µm and 0.15 µm, respectively. Again, the mean grain size of both phases is independent
of the creep condition at low temperature and hydrogen content. Fig. 4.11 displays the
statistics of the Zr grain size geometry of the as-hydrided specimens with 750 wppm H. The
ratio of the long axis to the short axis indicates the shape of a grain using an elliptical
approximation. A circular grain yields a value of 1, and, likewise, an extremely elongated
grain yields a large number. As seen in Fig. 4.11, the value of distributions are close to each
other. Nevertheless, the maximum value of each creep condition, pointed out in Fig. 4.11,
increases with increasing creep temperatures from 300◦C to 400◦C.
Although amount of the grain shape at maximum value of the axis ratio is limited, the
correlation between the maximum value of the axis ratio and the creep temperature implies
that a few zirconium grains elongated along the direction with the applied stress. Since
the grain geometry after GBS dominated creep deformation is stable, this evolution of shape
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ratio in Fig. 4.11 would rule out the GBS mechanism at low temperature creep in this study.
In summary, the distribution of grain boundary misorientation angles, the mean grain sizes,
and the distribution of the grain geometries are stable at all creep temperature and hydrogen
concentrations.
Figure 4.7: The first row: SEM image; the second row: phase map overlapped with grain
boundary map; the first column: Z70 sample; the second column: Z74 sample; the third
column: Z71 sample. The reference direction in vertical and horizontal direction are hoop
and radial one, respectively. The hydride phase in red all aligned to hoop direction
regardless of creep condition. All the scale bars indicate a length of 10 µm.
4.3 Mechanical performance of crept Zircaloy-4
To evaluate creep ductility at low temperature in the time frame of this study, an indirect
approach, the post-creep uniaxial tensile testing, was applied. Miniature tensile specimens
were machined from deformed samples after biaxial creep testing. In biaxial creep test, the
hoop stress was about twice of the longitudinal stress for the internal pressurized cylinder
with both end closed. Due to the loading status during biaxial creep tests, the longitudinal
deformation of these crept samples should be much less significant than the diametric defor-
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Figure 4.8: The first row: Z70 sample; the second row: Z74 sample; the third row: Z71
sample. The images presented from the first column to the last column are the GBM map
combined with the phase map, the inverse pole figure (IPF) map, the pole figure of
α-Zr(0002), and the pole figure of δ-hydride-ZrH1.66(111), respectively.
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Figure 4.9: The fraction vs. the misorientation angle of grain boundary before and after
creep test for 2000 hours. Black: results of the un-hyrided samples; red: results of
as-hyrided sample.
Figure 4.10: Comparison of the grain size distribution probability among all the samples as
mentioned in Fig. 4.9. The mean grain size of zirconium and the thickness of hydride
platelet are 0.65 µm and 0.15 µm, respectively.
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Figure 4.11: The probability vs. the ratio of major axis length to minor axis length of the
grain size approximation fitted after EBSD analysis
mation. As expected, there was no detectable creep deformation in longitudinal direction of
biaxial creep specimens for the biaxial creep tests at 300◦C, 350◦C, and 400◦C, and 65 MPa
for 2000 hours. Besides, the diametric swelling resulted from creep was uniform through the
whole creep test. Based on the measurement of creep deformation for the low temperature
group as mentioned above, the bending along the longitudinal direction was negligible, i.e.,
the crept specimens of the low temperature group were acceptable for design of post-creep
uniaxial tensile testing. Nevertheless, lacking of ideal measurement of elongation on the
miniature tensile specimen for tests at a temperature above 100◦C, all post-creep tensile
tests were carried out at room temperature.
The most insightful results of post-creep uniaxial tensile test were about the ductility, total
elongation, as shown in Fig. 4.12(a). Each dot on the plot is an average of two repeating
tests, and the two measured values are at the both end of the bar on the graph. After creep
tests, the total tensile elongation of Z0 and Z3 samples decreased, but it is insignificant
for the difference of Z7 samples total elongation between that before and after crept. One
possible reason which caused the change in total elongation with hydrogen content would
be the damage accumulation during creep. As shown in Fig. 3.14, specimen with a high
H level suffered less creep deformation, which exhibited less degradation of total elongation
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in later tensile tests. Total elongation at failure point of a tensile test can be an index
to study creep ductility for as-received and crept specimen. Before creep test, the total
elongation of the non-hydrogenated Z0 samples is about twice of that of the 750 wppm
samples. This ratio of 2 dropped down to 1.5 for those post-creep samples. Consequently,
dividing the total elongation of unhydrided Zircaloy-4 by a factor of 2, which could be served
as a reasonable conservative estimation to predict the creep deformation of Zircaloy-4 with
750 wppm H. This results would be applied for the further safety margin assessment of creep
deformation tolerance during the interim dry storage of the used nuclear fuel with a burnup
of 62 GWD/MTU.
The fractographic SEM images and backscattered electron (BSE) images at the magnifi-
cation of 100 X and 500 X were listed in Fig. 4.13, Fig. 4.14, Fig. 4.15, and Fig. 4.16, where
the vertical and horizontal direction in the images aligned with the radial direction and the
hoop direction of tubular specimens. SEM image provides information including topology of
fractured material surface, and BSE image enhances its mass contrast. For the unhydrided
Zircaloy-4, the dimple features indicate the ductile failure at room temperature. As for the
image in BSE mode, the hydride platelet is always relative dark due to the fact that the
atomic mass of hydride per volume is lighter than that of the surrounding zirconium matrix.
Comparing the features in Fig. 4.13 and in Fig. 4.14, the location of the black strips in
BSE images, the hydride platelets, are coherent with the cracks in SEM images for speci-
mens with hydirde. The microstructure of the hydride reorientation, which would prompt
the early failure of Zircaloy cladding material during dry storage, was not discovered after
post-creep tensile test at room temperature performed in this study.
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Figure 4.12: Post-creep tensile properties measured at room temperature vs. creep
temperature of Zircaloy-4 cladding.
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Figure 4.13: Fractographic SEM images of post-creep tensile tests. All subfigures share the
same scale bar.
Figure 4.14: Fractographic BSE images of post-creep tensile tests. All subfigures share the
same scale bar.
54
Figure 4.15: Fractographic SEM images of post-creep tensile tests at a close view. All
subfigures share the same scale bar.
Figure 4.16: Fractographic BSE images of post-creep tensile tests at a close view. All




5.1 Biaxial creep test of hydrided Zircaloy-4 specimen
The pressurized tube technique is employed in this study to test the durability of the
as-received CWSR Zircaloy-4 tubular specimens and the as-hydrided ones with 300 wppm
and 750 wppm hydrogen. The biaxial creep experiments are conducted at a temperature
range from 300◦C to 500◦C and at an effective stress range from 40 MPa to 65 MPa.
The hydriding process prior to creep tests induces the formation of fcc δ-hydride platelets
along the circumferential direction of the tube. This alignment and phase structure of
hydride have no significant change after biaxial creep tests. The biaxial creep behavior of
CWSR Zircaloy-4 cladding material is sensitive to experimental procedure of the test. The
creep behavior of the in-situ test is consistent with the ex situ test based on method c, slow
temperature ramping followed by the pressurization as working temperature reached.
At a high temperature of 500◦C and an effective stress as low as 40 MPa, the steady-state
creep strain rate increases with the increase in hydrogen concentration. The higher hydro-
gen content, the shorter creep life. The secondary creep deformation of CWSR Zircaloy-4
cladding was dominated by the high temperature dislocation climb mechanism based on the
analysis of stress exponent and the TEM observation of the developed hexagonal dislocation.
As for the low temperature at 300◦C, 350◦C, and 400◦C, and an effective stress of 65 MPa
and 55 MPa (only at 400◦C), the dependency of the creep strain rate in secondary stage and
hydrogen content is opposite to that at 500◦C. The higher content, the lower secondary stage
creep strain rate. The rate-controlling mechanism at low temperature in this study would
be the Coble creep model. The grain boundary sliding model is conflicted with the invariant
statistics of the grain boundary misorientation angle acquired EBSDS characterization.
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The synchrotron wide-angle X-ray scattering (WAXS) technique, as well as electron backscat-
ter diffraction (EBSD) analysis, are applied to the sample crept at low temperatures for the
study of the crystallographic orientation relationship. Most hydride grain orientation fol-
lows α-Zr(0002) ‖ δ-hydride(111) relationship. This relationship is stable even after creep
deformation.
The post-creep uniaxial tensile tests at room temperature were conducted on samples
crept at low temperature. The results exhibit a low ductility of the specimen with the
high hydrogen concentration before creep test. Zircaloy-4 without hydrogen and 300 wppm
hydrogen demonstrate a slightly drop in the ductility after creep at low temperature for
2000 hours. This drop does not occur on the Zircaloy-4 with 750 wppm H. The ratio of
the ductility of unhydrided Zircaloy-4 to that of as-hydrided Zircaloy-4 with 750 wppm H
changed from 2 to 1.5 before and after biaxial creep test at low temperature.
These characterizations and observations demonstrated the influence of zirconium hydride
on both the biaxial creep behavior and mechanical performance of Zircaloy-4 cladding. The
goal of this study is to develop a better understanding of materials performance to support
the design basis of interim and long-term dry storage facilities for up to 300 years. Dividing
the total elongation of unhydrided Zircaloy-4 by a factor of 2, this estimation can serve as a
reasonable conservative assessment to predict the creep deformation of Zircaloy-4 with 750
wppm H and evaluate the corresponding safety margin during the interim dry storage of the
used nuclear fuel with a burnup of 62 GWD/MTU.
5.2 Future work
1. Post-creep uniaxial tensile test at 300◦C. A post-creep tensile test at 300◦C can help
capture the remaining ductility after the accumulation of creep deformation which is
highly like the case in the inception condition of interim dry storage. However, to save
the valuable crept specimen, a more reliable approach to measure the elongation of the
miniature specimen at 300◦C needs to be developed. Texture analysis by in situ syn-
chrotron WAXS technique under heating and loading conditions. Similar motivation
as mentioned above.
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2. Oxidation behavior of Zircaloy-4 around the welded region.
Results of the appearance and surface morphology close to the terminals of cladding
tube is demonstrated in Fig. 5.1. The thickness oxidation of layer at the surface of
heat-affected zone (HAZ) by e-beam welding is about 3 µm and significantly smaller
than that of the place away from HAZ, as the gray layer shown in Fig. 5.1 (a) and
(b). Oxide on HAZ pointed out by the purple arrow in Fig. 5.1 (d), looked darker
than other places. Fig. 5.1 (e) shows the area of HAZ, where the depth is about 750
um. Enlarged view on the boundary of HAZ in Fig. 5.1 (f) shows a dense dendritic
structure which is an evidence of that this region was influenced by a strong heat
gradient.
3. Creep-fatigue behavior of Zicaloy-4 cladding tube. A new biaxial creep test which
allows in situ measurement has been constructed at the end of the project. Coupled
with gas recycling device, the new system will be capable of the creep-fatigue loading
condition. The biaxial creep-fatigue behavior of as-hydrided Zircaloy-4 cladding would
be interesting to study.
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Figure 5.1: Cross-sectional images on ND-LD plane around the end cap of Zircaloy-4 tube




THE DESIGN OF THE PRESSURIZED TUBE
SPECIMEN FOR THE BIAXIAL CREEP TEST
In the first design, the end plugs made of Alloy 230 were welded directly with the Zircaloy-
4 tubular specimen by the EBW technique. However, three of the first version samples failed
within 1 hour when the creep tests were performed at 500 ◦C, at 65 MPa based on method
a mentioned in the results part. As shown in Fig.A.1, the three samples all failed at the
welded zone due the effect of the heterogeneous welding between Alloy 230 and Zircaloy-4.
Figure A.1: The first version of creep samples failed at the welded region quickly.
To avoid effect of the heterogeneous welding, the end plugs of Zircaloy-4 were adopted for
the second design of biaxial creep specimen. Moreover, the Swagelok® fitting was applied
to connect the Zircaloy-4 sample and the Haynes 230 tubing. However, this kind of sample
failed easily around the fitting. In the second design, the two end plugs were short and the
Swagelok® fitting will compress one end of the Zircaloy-4 tube directly. Because the wall of
Zircaloy-4 tube is as thin as 0.58 mm, the compressed region by the fitting suffered excessive
stress which induced the early failure during creep tests.
In hoping of solving the problem in the second design, one of the end plug was extended
in the latest design. The new plug is not only long enough to be compressed by the fitting,
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but also robust enough to bear the compression stress from fitting. Consequently, the early
failure issue was solved. Then the latest design was adopted officially in this study.
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APPENDIX B
THE CHALLENGE OF ACQUIRING A
SATISFACTORY EBSD RESULTS OF CWSR
ZIRCALOY-4 CLADDING TUBE
B.1 Introduction
Zirconium alloys are crucial structural materials widely used in light water reactors (LWRs).
Most of the fuel cladding materials in pressurized water reactors are Zircaloy-4 due to its
neutron transparency and mechanical performance. Increasing the burnup limit of nuclear
fuel leads to the formation of noticeable amounts of zirconium hydride which degrade the
mechanical performance of the material. Understanding hydride formation and crystallo-
graphic relation to the zirconium matrix can increase the confidence in cladding lifetime and
inspire better manufacturing techniques.
Electron backscatter diffraction (EBSD) analysis is a powerful technique to characterize
the crystallographic distribution and lattice type of conductive crystalline materials. The
quality of EBSD results is dominated by the clarity of the Kikuchi diffraction patterns pro-
jected on the CCD camera. The clarity is influenced by the grain size, surface roughness
and residual strain field of analyzed materials. Therefore, a well-polished specimen surface
is one of critical requirements for a successful EBSD analysis. Surface roughness causes
shadowing of the Kikuchi patterns from the high tilt angle of the incident beam, while strain
causes diffusive scattering of the electron beam. Careful sample preparation minimizes sur-
face roughness and depth of deformation from mechanical polishing. However, zirconium
alloys are known to be one of the most difficult materials to prepare for EBSD characteriza-
tion [25]. Although the number of publications on hydrogen pickup and hydride formation
of zirconium alloy is extensive, EBSD characterization of hydrides in Zircaloy-4 is rare. In
Table B.1, Ref. [26] provides a detailed description of sample preparation of as-hydrided
Zircaloy-4 cladding tubes for EBSD analysis. However, researchers still need to practice
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preparing multiple specimens before achieving a satisfactory EBSD measurement. One rea-
son is that finding a set of well-defined scanning parameters for EBSD characterization is
tricky. Another reason is that EBSD sample preparation of the sample with multiple phase is
a narrow bottleneck. When materials contain multiple phases, complicated microstructures,
and sub-micron grain size, troubleshooting the preparation procedures become challenging.
The purpose of this study is to present the effect of second phase precipitates on surface
morphology during EBSD sample preparation, and to address the limit of EBSD analysis
on an as-hydrided, cold-worked Zircaloy-4 cladding tube material. Corresponding scanning
electron microscope (SEM) images of well-polished surfaces with acquired EBSD results will
be demonstrated to facilitate the EBSD sample preparation procedure of CWSR Zircaloy-4
cladding tube material.











CWSR plate electrolytic 247 δ chemical polishing [27]
CWSR tube gaseous - δ chemical polishing [28]
CWSR plate gaseous 7500 - chemical polishing [29]
RXA plate gaseous 2500 δ electropolishing [30]
- - gaseous 500 δ - [31]
CWSR plate gaseous 1000 δ ion milling [32]
CWSR tube gaseous 12550 δ, γ chemical polishing [26]
B.2 Experimental details
B.2.1 Material
The main goal of sample preparation for EBSD analysis is to create a clean surface with
infinitesimal surface deformation. Additional care is needed as multiple phases exist in one
material and each phase will not respond uniformly to the same preparation processes. To
investigate the effect of the chemical methods on Zircaloy with second phase precipitates,
two materials were used: a recrystallized annealed (RXA) Zircaloy-4 plate with grain size ∼
10 µm (sample “RX”), and a SPP free zirconium coupon with 0.01 wt % Y (sample “ZY”).
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Next, a CWSR Zircaloy-4 cladding tube (sample “CW”) with an outside diameter of 9.5 mm
and wall thickness of 0.58 mm, was used in this study. By comparing the results of RX and
CW, the effects of intrinsic material properties are illustrated. Their chemical compositions
are given in Table B.2.
Table B.2: Chemical compositions of zirconium alloy (weight % )
Sample ID Sn Fe Cr O N C H Zr Y Ref.
RX 1.47 0.21 0.10 0.148 0.0005 0.0138 0.0006 Balance - [24]
ZY - - - - - - - Balance 0.1
CW 1.26 0.22 0.12 0.13 0.0029 0.01 0.0007 Balance - [33]
B.2.2 Hydrogen charging procedures
The CWSR Zircaloy-4 cladding tube, sectioned into a length of 13 cm, was first uniformly
hydrogen-charged by a thermal cycling process using a Sievert-type apparatus [14]. The
specimen was sealed in a Pyrex capsule at a low hydrogen partial pressure (30.7 kPa) to
obtain a homogeneous hydride distribution. No rim or surface blister structures were ob-
served. The encapsulated cladding specimen was then thermally cycled between 200 ◦C and
300 ◦C until the target hydrogen concentration level of 750 wppm was reached. The heat-
ing and cooling rates were 3 K/min and 2 K/min, respectively. Hydrogen concentrations
(radial averages of at least six measurements) were determined from ∼ 5-mm-wide by ∼
4-mm-long slices of cladding rings (approximately 1/4 of the circumference) by an inert-gas
fusion method using a HORIBA (EMGA-930) Hydrogen analyzer. The measured hydrogen
concentration was 815 ± 40 wppm.
B.2.3 Sample preparation
Specimens were machined using electrical discharge machining (EDM). Samples RX and
ZY were 3 mm by 2 mm by 1 mm coupons, and the sample CW was a ring with a width of
3 mm. Next, one of the 3 by 2 mm faces of specimens RX and YZ and one cross sectional
surface of the sample CW underwent mechanical then chemical preparation treatments. In
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the mechanical step, the samples were ground with SiC papers from 400, to 800, to 1200 grit,
lubricated by tap water. After that, specimens were polished with 3 µm and 1 µm MetaDi
Supreme suspension with a MetaDi Fluid lubricant on TriDent cloth. This is the last step
of the mechanical procedures for sample RX and ZY. Sample CW was additionally polished
with a suspension of 0.06 µm colloidal silica and a few drops of 30 vol.% H2O2 solution on
ChemoMet cloth due to its small grain size and complex microstructure. To remove the
colloidal silica, water was applied continuously to the polishing cloth for 30 seconds prior
to completion of the polishing step. During mechanical treatment, the best results were
obtained by hand polishing. The polished samples were ultrasonically cleaned in acetone
and methanol for 5 minutes and then air dried.
Before the chemical treatment stage, the back surface of each specimen was bonded on an
aluminum stage using a conductive silver paste. SPI Miccroshield Masking Protectant was
applied to all surfaces, leaving a 2.5 by 1.5 mm area on the surface of RX and ZY exposed
for chemical treatment. Two opposite sites of CW were covered, as shown in the Fig. B.1.
The masking protectant allows for easier evaluation of the depth of material removed during
chemical treatment. Two different methods were used in the chemical treatment stage. The
first was swab-etching using a solution containing hydrofluoric acid (HF). A cotton swab,
pre-soaked in a solution of HF (48-51 vol.%) : nitric acid (HNO3, 68-70 vol.%) : distilled
water = 5 : 45 : 50 in vol.%, was vigorously swabbed back-and-forth on the polished surface
for ∼ 10 seconds. The other method used was electropolishing. A Struer LectroPol-5 polisher
was used with perchloric acid (HClO4, 70 vol.%) : 2-Butoxyenthonal : methanol = 10 : 20
: 70 in vol.% electrolyte at 25 V and a flow rate of 10 (unitless parameter of this machine)
for 8 seconds at room temperature.
After the chemical treatment stage, the polished surface was rinsed in running tap water
for 5 minutes, followed by ultrasonically cleaning in acetone and then methanol for 5 min-
utes, and then air dried. About 5 µm depth of material was removed after both chemical
treatments. This completed the sample preparation for conventional EBSD analysis.
The transmission-EBSD (t-EBSD) was carried out by taking advantageous of a transmis-
sion electron microscope (TEM) specimen. To prepare the TEM specimen, a saddle-like
curved disc with an OD of 3 mm was machined using the EDM technique, gently ground
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to form a flat disc, and then mechanically thinned down to 100 µm. The disc’s surface
was abraded with 1200 grit paper to reduce heterogeneous corrosion during electropolishing.
Then the discs were electropolished by a Struer TenuPol-5 twin-jet polisher using the same
electrolyte mentioned above containing 5 vol.% HClO4 at 25 V and a flow rate of 18 at -20 ◦C
until penetrated.
Figure B.1: Samples CW (left) and RX (right) polished mechanically and most area
covered by a layer of the red lacquer.
B.2.4 Microstructure analysis
All EBSD measurements were performed on a JOEL 7000F scanning electron microscope
(SEM) equipped with a Nordlys EBSD detector in the Frederick Seitz Materials Research
Laboratory Central Facilities at University of Illinois at Urbana-Champaign.
The working parameters were as follows: the acceleration voltage was 25 kV, the probe
current was about 8 nA, the distance between the specimen and the EBSD detector was
18.1 mm. The specimen for conventional EBSD analysis was attached on a pre-tilted stage
at 70◦ using silver paste. The working distance between the specimen and the electron gun
was 13 mm. The sample for t-EBSD analysis was gripped on a pre-tilted stage at 20◦. The
acceleration voltage was 25 kV and the probe current was about 8 nA. The working distance
between the specimen and the electron gun was 5 mm.
The acquired EBSD data were processed with the software package HKL Channel 5. For
α-Zr the space group P63/mmc (no. 194) with a = b = 3.232 Å and c = 5.148 Å was
used. For δ-hydride the cubic Fm3̄m (no. 225) with a = b = c = 4.781 Å was used. The
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EBSD pattern was taken with a 4 × 4 pixel binning setting using the Flamenco software
suite. The scanning time per frame was 20 ms. The static background was progressed by the
average of 64 frames before the scanning on the area of interest. At least eight Kikuchi bands
were recognized using detection mode “Standard Band Edge" for each scanning location. A
Hough space resolution of 50 was used. Two frames of noise reduction were applied during
the continuous pattern scanning. The image dimensions were 1024 × 768 pixels. These value
can be used as a detection limit for this system. The field of interest was approximately
40 × 30 µm. The estimated pixel size under these conditions was 70 nm. Four hour scans
were taken of these regions. No noise reduction was applied during post-processing of EBSD
results presented in this article.
B.3 Results and discussion
B.3.1 Effect of chemical treatment on the surface morphology
Fig. B.2 presents the SEM and EBSD images of the electropolished and the HF polished
surfaces of the recrystallized RX samples. The difference in the surface morphologies between
the two methods is distinct. In Fig. B.2(a), pits with a radius 6 500 nm are distributed
uniformly on the etched specimen. In Fig. B.2(b), small particles are present that have
similar dimensions and spacing to that of the pits in Fig. B.2(a). The EDS compositional
2D mappings of the electropolished RX sample are shown in Fig. B.3. EDS characterized
the remaining Fe-Cr rich area at the bottom of pits after the short-term electropolishing
was conducted. These Fe-Cr rich locations are consistent with the pitting area. It is noted
that some small pitting spots (< 200 nm) show no Fe or Cr signals. Similarly, the EDS
compositional 2D mappings of the HF etched RX sample are shown in Fig. B.4. These
Fe-Cr rich locations correspond to the particles in the SEM image.
Combining the SEM and EDS results, it is believed that the pits formed after electropol-
ishing and the particles formed after HF etching are related to the second phase precipitate
Zr(Fe,Cr)2 in Zircaloy-4. The Fe and Cr react more quickly than the zirconium matrix with
HClO4 during electropolishing leading to the partial removal of second phase precipitates.
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On the contrary, the HF solution reacts faster with zirconium than with the Fe and Cr
containing second phase precipitates leaving them exposed.
The SPP-free zirconium alloy, Zr-0.01Y, presented a smooth surface without pitting spots
after electropolishing, as shown in Fig. B.5. This further confirms that the pitting spots
and particles left behind were due to different reaction rates to the different solutions. These
varied chemical responses of SPPs to different solutions can facilitate or impede the corrosion
resistance of the alloy. It is believed that the nodular corrosion appearence of Zircaloy is
highly dependent on SPP [34]. The uniform distribution of the fine second phase precipitates
(< 200 nm) helps improve nodular corrosion resistance [35]. A widely accepted mechanism
for the nodular corrosion of Zircaloys involves the formation of a galvanic couple between
the second phase precipitates and the zirconium matrix [34]. The SPPs act as a cathode
assisting in the reduction of hydrogen and thus the enhanced corrosion of the zirconium
nearby second phase precipitates. Further, the hydrogen reduction increase the hydrogen
concentration near second phase precipitates.
The standard methodology for corrosion testing in high temperature water/steam enviorn-
ments, ASTM G2/G2M standard, suggests an HF etchant for cleaning the sample surface
prior to the experiment. The use of an HF solution was as the last cleaning procedure prior
to the oxidation test would increase the exposure surface of second phase precipitates. The
SPPs left on the HF etched surface might enhance the formation of the galvanic couples
which increases the probability of nodular corrosion. Additionally, it was observed that the
zirconium alloys with larger the Zr(Fe,Cr)2 SPPs exhibit a high nodular corrosion rate in
the LWR environment [36]. It would be interesting to test if the nodular corrosion in an
LWR environment is less pronounced after electropolishing with an HClO4 solution since
this treatment results in smaller Zr(Fe,Cr)2 second phase precipitates.
B.3.2 Effect of cold worked specimens and hydride on grain size and
microstructure
Fig. B.6 displays the SEM and EBSD images of the cold-worked stress-relieved (CWSR)
sample CW. As shown in the SEM image Fig. B.6(a), the grains of the cold-worked Zircaloy
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Figure B.2: SEM image of the sample RX surface using electropolishing method a) and HF
etching method b), and EBSD band contrast map combined with phase map using
electropolishing method c) and HF etching method d). Blue: α-Zr, black: the location
where the lattice orientation is unable to be identified.
Figure B.3: EDS 2D compositional analysis of electropolished sample RX
are fragmented and smaller than those of the recrystallized ones, as shown in Fig B.2(a). The
corresponding EBSD images consisting of a band contrast map and phase maps is provided
in Fig. B.6(c). The hit rate of the sample CW was lower than that of the sample RX since
the ratio of black pixels in Fig. B.6(c) is higher than that in Fig B.2(c), where the hit rate
is ratio of identifiable pixels to the whole pixels.
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Figure B.4: EDS 2D compositional analysis of HF etched sample RX
Figure B.5: SEM surface image of SPP-free sample ZY after electropolishing method
A low hit rate in the EBSD images, such as in Fig. B.6(c), is a consequence of the blurring
of the Kikuchi bands during EBSD analysis. The blurring of these bands is related to diffuse
scattering of the electron beam with significant energy losses due to high dislocation densities,
small grain sizes and complex lattice structures, etc. Additionally, small grain sizes increase
the density of pixels nearby or on grain boundaries. Overlapping Kikuchi patterns from
multiple phases or grain orientations will confuse the identifying algorithm of the software
and decrease the hit rate. To examine if the intrinsic factors of the material contributes
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to a low hit rate for CW sample, one TEM sample cut from the same CWSR Zircaloy-4
cladding tube was prepared by jet-polishing for a transmission-EBSD (t-EBSD analysis).
Fig. B.7(a) is the SEM image of the jet-polished sample CW. A few small pits and holes
resulted from the preferential corrosion of the electrolyte to second phase precipitates. The
forescatter (FS) image with enhanced orientation contrast and mass contrast is provided in
Fig. B.7(b). A large fraction of the grains was smaller than 1 µm and the structure was
greatly fragmented, implying a high dislocation density. The t-EBSD image of TEM sample
in Fig. B.7(c) exhibits a hit rate as low as the image in Fig. B.6(c). Since the thin area of
this TEM sample was merely hundreds nm, much thinner than that of the sample analyzed
using the conventional technique, the impact of the grain boundary along the thickness
direction of the sample on EBSD signal would be reduced if the magnitude of the grain
size is beyond that of TEM sample thickness. However the grain sizes for this sample were
small enough that the low hit rate observed in the t-EBSD can only imply that both high
dislocation density and grain boundaries effects are contributing.
Another goal of this section is the identification of the zirconium hydride-matrix relation
in the as-hydrided CWSR Zricaloy-4 tube. Since hydrides are vulnerable to the HF etchant,
the swab-etching technique is undesirable for EBSD sample preparation as it destroys the
details associated with hydrides. Thus electropolishing technique was used on the CWSR
Zircaloy-4 tube to retain more details of the as-hydrided tubes. The respective SEM and
EBSD images of the as-hydrided Zircaloy-4 cladding samples with 750 wppm hydrogen are
provided in Fig. B.6(b) and in Fig. B.6(d). It can be seen that the δ-hydride tends to align
with the circumferential direction of the cladding. The needle-like geometry of zirconium
hydride ranged from 200 nm to 450 nm in width. It is noted that the grain structure of
Zircaloy-4 matrix is consistent before and after hydriding process. Knowing the difficulties
of EBSD analysis on the CWSR Zircaloy-4 as discussed previously, the quality of the EBSD
result on the cold-worked Zircaloy-4 as shown in Fig. B.6(c) represents the best result
obtained on an as-hydrided CW sample.
Fig. B.8 summarizes the statistics of the band contrast and hit rate, labeled on each bar,
of the five EBSD images presented in this study. The data points in black indicate statistics
of the spots corresponding to the α-Zr phase, and those in red indicate statistics of unde-
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tectable spots. In the recrystallized Zircaloy-4, RX, the Kikuchi band contrast between α-Zr
phase and undetectable region is clearly differentiated. Due to a large grain size (∼ 10 µm),
mechanical polishing ending at 1 µm diamond suspension is enough to acquire a satisfac-
tory EBSD result with a high hit rate, even though different chemical polishing techniques
induce pitting or precipitation of the second phase precipitates on the polished surface. The
statistics of band contrast describe the intensity of the Kikuchi bands with respect to the
background intensity. The band contrast is always relatively low near grain boundaries and
the regions with lattice distortion. As demonstrated in Fig. B.7, t-EBSD results with a low
hit rate exhibited a complex intrinsic microstructure. The low band contrast of the cold
worked sample in this study is attributed to the intrinsic characteristics of the cold worked
sample including small grain size, high dislocation density, and fragmented lattice structure,
etc. Furthermore, the majority of the zirconium matrix and second phase precipitates have
similarly small grain sizes, which increases the grain boundary density. The increase in grain
boundary density also reduces identifiable locations further decreasing the hit rate of the
EBSD results. Last but not the least, the formation of hydrides raises the complexity of ma-
trix microstructure. The occurrence of the hydride lattice other than Zr matrix increases the
difficulty of characterizing the phase structures. Meanwhile, the occurrence of the hydride
platelets, whose width and the grain sizes of Zr matrix are at the same magnitude, increases
the complexity of phase boundaries and/or grain boundaries configuration. The Kikuchi
patterns near these boundaries are always hard to be characterized. These issues constitute
a great challenge for the EBSD analysis of as-hydrided CWSR Zircaloy-4 material.
B.4 Conclusions
The microstructures of recrystallized Zircaloy-4 sheets and CWSR Zircaloy-4 cladding,
prepared by two different chemical polishing techniques, were analyzed by SEM, EBSD
and EDS characterization. The second phase precipitates with high Fe and Cr concen-
trations exhibited preferential corrosion after electropolishing using an HClO4 solution, and
resisted etching by an HF containing solution. When preparing EBSD samples of as-hydrided
Zircaloy-4, electropolishing using an HClO4 solution is suggested once the focus is the mi-
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Figure B.6: SEM surface image of the sample CW before hydirding a) and after hydirding
b), and the EBSD band contrast map overlapped with the phase map before hydirding c)
and after hydirding d). Red: δ-hydride, blue: α-Zr, black: the location which is unable to
be identified.
Figure B.7: SEM image a), Forescatter (FS) image b) and t-EBSD image c) of as-received
Zircaloy-4 cladding. All subfigures share the same magnification.
crostructure of hydrides. To prepare an ideal specimen of a recrystallized Zircaloy-4 sheet for
satisfactory EBSD analysis, finishing the mechanical polishing at 1 µm diamonds suspension
is sufficient. However, for the CWSR Zircaloy-4 tube with intrinsic material properties such
as small grain sizes, high dislocation density, and fragmented lattice structure, an EBSD hit



































Figure B.8: Band contrast and hit rate in % of all EBSD analysis in present study. The
values of the hit rate are not related the value on the y-axis.
the hit rate further down to 40%.
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APPENDIX C
THE DESIGN OF THE GRIPS FOR POST-CREEP
TENSILE TEST
To test the post-exposure mechanical properties of the creep specimens, tensile specimens
were taken from the creep tubes as shown in Fig. C.1. A new grips assembly were designed
to facilitate the post-creep tensile test precisely on miniature specimens. The critical com-
ponents of the grips assembly consists of a jaw of the grips on the inner side and outer sides,
illustrated respectively in Fig. C.2 and in Fig. C.3, and wedges with different curvatures as
illustrated in Fig. C.4 and in Fig. C.5. Each terminal of specimens can be firmly pressed by
the surface roughened wedges via two M3 bolts using the friction force. Since the curvature
difference between the inner and the outer side of the specimen was considered, the applied
stress are uniformly on the surface of the pressed area. This can also reduce the chance of
the deformation around the pinhole as using the pin-loading method.
Figure C.1: The dog-bone sample machined from the crept tubular specimen.
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Figure C.2: The jaw of grip on the inner side.
Figure C.3: The jaw of grip on the outer side.
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Figure C.4: The curved wedge used in between tensile sample and the grips at the inner
side.
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